We report on the experimental results of the combination of unique auto-correlation properties of Golay complementary code and Hadamard matrix properties of standard simplex code. The combination of the two coding techniques results in improvement of the signal-to-noise ratio (SNR) of time domain multiplexed fiber Bragg grating (TDM-FBG) sensor for temperature measurement. Previously, we have analyzed the properties of both coding techniques when deployed separately in the TDM-FBG sensor. In this case, both coding techniques result in the same amount of SNR improvement for code length longer than 31 bits. In this paper, we demonstrate the combination and simultaneous deployment of the two techniques to measure multiple FBGs under room condition (25 • C) and 50 • C temperature. The two schemes combination results in remarkable improvement of SNR and still retains the original spatial property of the decoded FBG signals, confirming the successful deployment of the hybrid codes. From the measurement of two FBG sensors located after 16 km of fiber, the combination of 31 bits of simplex-and 64 bits of Golay codes has resulted in a total of 10.5 dB improvement of SNR.
I. INTRODUCTION
Strain and temperature measurements in fiber optic cable based on fiber Bragg grating (FBG) are an advanced optical fiber sensing technique, thanks to the remarkable features of FBG sensor such as small size, light weight, measurement accuracy, immunity to electromagnetic interferences and high sensitivity [1] , [2] . Compared to other optical sensing techniques, FBG sensors are self-referenced sensing devices that can be produced in bulk at low cost. The measurand information encoded over Bragg wavelength of the FBG The associate editor coordinating the review of this manuscript and approving it for publication was Sukhdev Roy.
sensor allows it to perform independently from the power fluctuations of the laser source [2] , [3] . The vast applications of FBG sensor has made it an attractive sensing solution ranging from the field of civil engineering to the biomedical application [4] - [7] . Even though FBG sensor is a type of point sensor, multiplexing capability of FBG has made quasidistribution measurement scheme available. For many years, wavelength division multiplexing (WDM) technique has been applied in the FBG sensing technique for the purpose of improving the sensing distribution, which however is limited by the bandwidth of the light source [8] , [9] . Interrogating a series of FBG sensors by employing the technique of optical frequency domain reflectometry (OFDR) is also VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ common [3] , [10] . The literature reports the ability of OFDR techniques to provide the spatial resolution of millimeters over the sensing area extendible to hundreds of meters. The deployment of OFDR technique to evaluate the strain performance of FBG sensors was extensively studied and experimentally demonstrated. Since then several studies have been reported to enhance the distortion and high level cross talk limitations between the adjacent FBGs in the sensing array. Alternatively, FBG sensors schemes based on time domain multiplexing (TDM-FBG) have advanced other multiplexing techniques in terms of their capacity and deployment reliability. TDM-FBG technique uses a narrow-pulsed laser to interrogate a set of an extensively low reflectivity FBGs up to thousands of sensing points along the area to be monitored. However, the signal to noise ratio (SNR) of such system is limited to the input power to be injected to the sensing area [4] , [8] , [11] .
Proposals such as increasing the input power of the optical pulse could be considered impractical at some point, as it might lead to the occurrence of unwanted nonlinear scatterings in fiber; this could lead to the degradation of the FBG signal quality. Furthermore, if a nonlinear scattering manifests the whole fiber, the FBG signal might not be measured completely. Alternatively, one can inject a pulse at low optical power but with long pulse duration to avoid nonlinear scattering. This however results in the need of increasing the spatial separation between the adjacent FBGs, consequently resulting in poor measurement distribution. Similar to the optical time domain reflectometry (OTDR) scheme, the spatial separation (i.e. spatial resolution) is determined by the pulse duration.
Given this background, pulse compression technique based on specific mathematical algorithm was proposed to improve the trade-off between the amount of the input power, SNR and the spatial requirements. Several studies on encoding the pulsed light in Brillouin optical time domain analysis (BOTDA) distributed fiber sensor and OTDR have also been proposed for improving the SNR [12] - [14] . Our laboratory has previously introduced several types of optical pulse coding techniques in TDM-FBG sensor for the purpose of improving the SNR. In this context, the unique properties of standard simplex code and Golay complementary code are among the most widely deployed [15] - [17] . Several reports on the coded TDM-FBGs, including cyclic-and standard simplex and unipolar Golay codes have been published previously [9] , [16] . All of these techniques were based on the original idea of deploying and comparing the performance of Golay code and simplex code in the OTDR reported in [18] , [19] . As reported in [19] , for short code length case (until 32 bits), the SNR for simplex is higher than that of unipolar Golay code. However, for longer code lengths, the SNR improvement for both Golay and simplex codes due to coding gain was nearly the same. Furthermore, under the same measurement condition for both codes, the use of longer simplex code will result in longer measurement time than that of Golay code, because the number of code patterns for simplex increases with the code length generated from Hadamard matrix; this will introduce more overhead on the signal processing. However, compared to Golay autocorrelation, Hadamard transform for simplex code is robust to signal amplitude variation that can result in side-lobes generation, which makes it useful when measuring response signal having non-uniform level of amplitude.
Therefore, in this article, we report the analysis of encoding the optical pulse in TDM-FBG sensor with Golay and simplex codes simultaneously for further enhancing the SNR and obtaining faster measurement time than the conventional averaging technique. We demonstrated the combination and simultaneous deployment of the two coding schemes to measure multiple FBGs under room condition (25 • C) and 50 • C temperature. The two schemes combination results in remarkable signal-to-noise improvement ratio (SNIR) and still retains the original spatial property of the decoded FBG signals, confirming the successful deployment of the hybrid codes. From the measurement of two identical ultra-weak FBG sensors located after 16.35 km of fiber, the combination of 31 bits of simplex-and 64 bits of Golay codes has resulted in a total SNIR of 10.5 dB, which is in good agreement with the theory.
II. CODED TDM-FBG SENSING TECHNIQUE A. FUNDAMENTAL OF TDM-FBG SENSING TECHNIQUE
In general, the Bragg wavelength shift of the backscatter light is imposed if the effective refractive index or the grating period is exposed to any change due to a physical effect perturbing the FBG sensor. Bragg wavelength shift, as a result of a linear combination of the change of temperature and strain perturbations can be expressed as:
where α and β are the thermal expansion and thermos-optic coefficient respectively, ρ e is the photo-elastic coefficient of the fiber material, T and ε are the temperature and strain changes applied to the sensor [1] , [2] . Figures 1 (a) and (b) illustrate the concept of TDM-FBG measurement schematically [11] , [20] . Standard TDM-FBG technique uses optical pulse operating at a fixed wavelength with sufficient output power to interrogate a series of identical low reflectivity FBG sensors embedded along the area to be monitored. The low reflectivity of an array of FBGs allows the interrogation pulse to propagate from one FBG to another. There are several methods to configure the laser source deployed in the TDM-FBG sensor. A continuous wave (CW) narrow-linewidth laser source can be pulsed to interrogate a series of broadband FBG sensors. In this context, the laser frequency is tuned to be within the FBG spectrum bandwidth, providing better measurand range [9] . On the other hand, the deployment of narrow line width tunable laser source (TLS) is also possible in such sensing array even with the deployment of narrowband FBGs with high reflectance. Scanning the wavelength of the laser source within the range of 1 nm or more at high scanning resolution allows reconstructing FBG spectra from the reflected train of pulses. This provides better insights and further analysis regarding the sensor measurement sensitivity, especially for temperature measurement application [8] , [21] .
TDM-FBG analysis translates the traditional wavelength shift profiling induced by physical changes into the amplitude variation in time domain analysis. As illustrated in Fig. 1 (a) , in our TDM-FBG sensor setup, the wavelength of the laser source is set to the left side of the FBG bandwidth (full width at half maximum -FWHM). The increase in the perturbation such as strain or temperature results in the wavelength shift of the FBG to the right side, which consequently results in the decrease in the reflected FBG signal. TDM-FBG sensor measures the amplitude variation in the function of perturbation in time domain. Then, as shown in Fig. 1 (b) , similar to OTDR technique, the localization of the FBG sensors and their spatial properties analysis is performed by resolving the time scale into distance.
B. STANDARD SIMPLEX CODE (SSC)
Standard simplex code (SSC) is a unipolar binary code derived from the normalized Hadamard matrix. In the deployment of simplex code, one launches and retrieves a total of M measurements associated with M × M matrix. The decoding process of the retrieved time domain traces is achieved by performing Hadamard transform calculation. Then, the SNIR obtained by deploying M bits of simplex can be formulated as [9] , [14] :
In Golay complementary code (GCC) theorem, a pair of codes is said to be complementary if the summation of their autocorrelation produces peak amplitude at zero bit-shift and zero side-lobes at other bit-shift [22] . This property makes Golay code a beneficial use in realizing a measurement system with improved SNR. A pair of bipolar Golay codes can be generated by recursion method; thus, in this case one can expect improvement in the SNR of √ L, where L is the code length. However, in the case of coded TDM-FBG measurement, where direct detection of optical signal is deployed, the bipolar elements should be converted to unipolar form. This procedure results in doubling the number of the launched traces, which consequently reduces the SNIR by half, as described below [18] 
and four sets of unipolar GCC, A u and A c and B u and B c , each having code length of L:
A c = a c1, a c2, a c3, . . . .a cL (6)
where A c and B c are the complementary of A u and B u , respectively. It is possible to express the process of nesting simplex codes with Golay codes by performing the Kronecker product, as follows:
The results of the Kronecker product operation are the new code patterns of size 4M ; each pattern comprises of ML bits. The decoding process of the HSG codes involves the calculation of Golay autocorrelation and Hadamard transform.
The decoding process can be performed by firstly performing the Hadamard transform for Hadamard matrix and then the autocorrelations for Golay codes, or in the reverse order. For example, let us consider the case of nesting the total of 3 simplex code words with 4 patterns of unipolar Golay codes of the size 8 bits. The total numbers of HSG codes resulted from Kronecker multiplication is 12 (=4×3) patterns; each code consists of 24 bits (=8×3). Restoring the bipolar form of the GCCs is performed at first by subtracting each unipolar form from its complement. Then, the autocorrelation of the bipolar form of Golay code is performed. The results of the correlation process are summed up to obtain the final Golay decoded trace. The three sequences that result from the Golay decoder follow the SSC sequence of 3 bits and are subjected to the Hadamard transform of order 3, including multiplying by Hadamard inverse matrix, sequence arranging, shifting, and the final step of averaging. The final trace results from the double decoding process gains the peak increment of 2L, the noise reduction of 2/M +1 and the summation of the SNIR provided by the two techniques, as expressed in [12] , [23] - [25] :
III. EXPERIMENTAL SETUP AND METHODOLOGY through amplitude modulation scheme. In this experiment, the AWG was used to generate coded pulses having pulse duration of 10 ns at sampling rate of 100 MS/s and the pulse repetition rate of 5 kHz. The modulated optical pulses were then amplified up to around 5.62 dBm by an Erbiumdoped fiber amplifier (EDFA) and launched into the test fiber through port 2 of an optical circulator. It should be noted here that an optical bandpass filter (OBPF) was not used in the experiment as the FBG sensors themselves are also used as the filters to remove the noise due to amplified spontaneous emission (ASE). This would also allow us to analyze the SNR of the FBG sensors under no OBPF deployment. The test fiber consisted of two FBGs separated spatially by 5 meters and spliced after around 16.35 km of single mode fiber (SMF). Their bandwidth, reflectivity and center wavelength were 2.5 nm, 2.5%, and 1550 nm respectively. The two FBGs were placed in a temperature-controlled heat chamber. Both FBGs were measured under room temperature condition (25 • C) and under 50 • C temperature application. To ensure a temperaturemaintained environment, we also monitored the temperature inside the chamber by a temperature monitoring tool. FBG signals reflected from the sensing area were channeled to the receiver subsection via port 3 of the circulator. At the receiver, a high-speed photodetector was used to convert the optical signal into electrical signal and linked to a data acquisition (DAQ) system that consisted of oscilloscope (OSC) and software for signal processing and analysis. The acquisition mode of the (OSC) was set to averaging mode, with the total averages of 256 times at the sampling rate of 2 GSa/s for every HSG code deployment. The experiments went through several sessions. In details, the combination of code lengths used for both Golay and simplex codes are tabulated in Table 1 . In this measurement, simplex code was used to encode the CW light into returnto-zero (RZ) pulses and Golay code into non-return-to-zero (NRZ) pulses. We also noted that the assignment of simplexand Golay codes to their respective RZ-and NRZ pulses can also be in the opposite form as reported in [24] for the case of coded BOTDA. For coded BOTDA technique that especially deploys NRZ pulses, the acoustic lifetime in fiber affects the quality of the Brillouin signal in fiber [24] , [25] . In contrast, for FBG sensor case, we believe the assignment of simplex code to RZ pulses and Golay code to NRZ pulses or to the opposite form of pulses would produce similar decoded FBG signals. In the case of Pattern A, the simplex code length was fixed at 3 bits while Golay code length was changed from 4 to 64 bits. The experiment was then continued as in Pattern B, in which that Golay code length was fixed at 64 bits, while simplex code length was changed from 3 to 31 bits. One can clearly notice from Table 1 that the combination of code lengths of Golay and simplex codes in Pattern B is actually the continuation from 3 bits simplex ×64 bits Golay of Pattern A. Therefore, we can expect that the overall improvement in the sensor performance, especially the SNIR, of the proposed hybrid codes TDM-FBG sensor is further continued from the end of Pattern A through the starting of Pattern B. , one can see that decoded signals at both FBGs exhibit well-shaped pulses with small and negligible distortion, confirming the successfulness of the simultaneous deployment of simplex and Golay codes in the TDM-FBG sensors. Furthermore, as we increased the Golay code length, the amplitude of the decoded FBG signals has also proportionally increased; the amount of the signal increase for every Golay code length agrees well with the theory. However, at the same time, the random has also increased accordingly; the analysis on the SNR will be discussed in the next section. One should also take note that as we increased the temperature applied to the FBGs, the signal amplitudes in Fig. 3 (b) are lower than that of under normal temperature as in Fig. 3 (a) . Since the wavelength of the laser was tuned to the left-side of the FBGs' 3 dB bandwidth, as expected, the reflected signal amplitudes have reduced with the increase in the temperature. One can also observe that both FBG signals are not flat especially for 3 bits simplex ×64 bits Golay combination case; this might be contributed by the accumulation of side lobe noise near the falling edge of the FBG during the autocorrelation process. This side lobe noise however, resulted in very small and negligible distortion in both decoded FBG signals.
IV. RESULTS AND DISCUSSION

A. IMPACT OF HYBRID CODES ON THE DECODED FBG SIGNALS
The decoded TDM-FBG signals when deploying pattern B of the hybrid codes at the room temperature (25 • C) and 50 • C are depicted in Figs. 4 (a) and (b) respectively. From the figures, again, we have successfully confirmed the correct encoding and decoding procedures of the hybrid codes. One can also see from Figs. 4 (a) and (b) that as we fixed Golay code length at 64 bits and increased simplex code length from 1 to 31 bits, the signal amplitude remains the same. At the same time, it is also worth to note that the random noise has decreased with the increase in the code length; this suggests that the SNR has improved with the increase in the simplex code length. Further detail analysis on the noise reduction and the SNR improvement will be explained in the next sections.
B. IMPACT OF HYBRID CODES ON RANDOM NOISE
In this section, we first analyzed the contribution of Golay code of Pattern A in reducing the random noise compared to the deployment of conventional Golay code only. In order to compute the noise reduction due to Golay code of Pattern A, the standard deviation of the random noise was divided with its corresponding Golay code length. Also, it should be noted that for each code length of the conventional Golay codes (4∼64 bits), the measurement was repeated three times (averaging by OSC was maintained at 256 times) to provide fair comparison with that of Pattern A. In details, Figs. 5 (a) and (b) illustrate the comparison of the noise amplitudes between the deployment of Pattern A of the hybrid codes (red curve) and conventional Golay code only (blue curve), at both 25 • C and 50 • C temperature conditions, respectively. Similar to the conventional Golay code case, by increasing Golay code length from 4 to 64 bits of Pattern A, the random noise has reduced four times, confirming the effectiveness of deploying Golay code scheme. However, one can also observe that, compared to that of conventional Golay code, introducing 3 bits of simplex to each code length of the Golay code in Pattern A has reduced the noise by about 20%, which agrees well with the theory of noise reduction contributed by simplex code.
We further analyzed the noise reduction by fixing the Golay code length to 64 bits and changing the simplex code words from 3 to 31 bits, as in Pattern B. Overall, we have found that the deployment of M bits of simplex code has reduced the noise variation (standard deviation) with the factor of 2/(M +1), which agrees well with the theory. The impact of increasing simplex code lengths to the noise reduction for both 25 • C and 50 • C cases are illustrated in Figs. 6 (a) and (b), respectively. To compare the noise reduction with the theoretical calculation, we have normalized the calculation of the noise variation. It is noted again here that the deployment of Pattern B is the continuation from Pattern A; the absolute noise variation for 64 bits Golay code ×3 bits simplex code was around 4.30 × 10 −5 V for both temperature cases, which is thus similar to that of 3 bits simplex code ×64 bits Golay code of Pattern A in Figs. 5 (a) and (b). Then, by further increasing simplex code length for Pattern B, the random noise has further reduced and reached minimum value when 64 bits Golay code ×31 bits simplex code was deployed. In an excellent agreement with the theory, the noise amplitude was 8 times better than the initial of Pattern B.
C. IMPACT OF HYBRID CODES ON SNIR
Further analysis on the sensing performance was conducted by analyzing the SNIR values. Figures 7 (a) and (b) depict the absolute SNR of the two FBGs, in the case of deploying Pattern A at both 25 • C and 50 • C temperatures, respectively. In Fig. 7 (a) , for 25 • C case, as the Golay code length was increased from 4 to 64 bits, the absolute SNR values have also increased, as shown in the second and third columns of Table 2 . From the graph and the table, one can see that the SNIR values obtained for both FBGs (6.32 dB and 6.29 dB) are well validated with theory (6.02 dB). As for the 50 • C temperature case, in Fig. 7 (b) and the fourth and fifth column of Table 2 , the measured SNIR for FBG1 and FBG2 were 5.88 dB and 6.32 dB, respectively. Obviously, the absolute SNR for 50 • C case is slightly lower than that for 25 • C case. As mentioned previously, the wavelength of the laser source was fixed to the left-side of both FBGs' 3 dB bandwidth. This resulted in lower amplitude of signal when temperature is applied to the FBGs, and consequently gave lower SNR measurement. Nevertheless, the experiment still provides excellent SNR measurement and the SNIR result that agrees well with the theoretical calculation (6.02 dB). Table 3 illustrate the behavior of the absolute SNRs and the SNIR during the deployment of Pattern B of the HSG codes for both 25 • C and 50 • C cases, respectively. In the case of 25 • C, from 3 to 31 bits of simplex code increment, the SNIR of 4.10 dB and 4.20 dB were respectively achieved for FBG1 and FBG2. Furthermore, during the application of 50 • C temperature condition, FBG1 and FBG2 recorded SNIR of 3.51 dB and 3.84 dB, respectively. To summarize, the SNIR values obtained for both temperature cases are lined up well with the theory (3.96 dB).
As noted earlier, the code length increment in the experiments of Pattern B (both 25 • C and 50 • C) can be regarded as the continuation of code length increment of code length in Pattern A. Therefore, we expect to see a similar absolute SNR result between the longest code length in Pattern A (3 bits simplex ×64 bits Golay) and the shortest code length in Pattern B (64 bits Golay ×3 bits simplex), which can be clearly observed from both Figs. 7 and Figs. 8. From these findings, under 25 • C temperature, the total SNIR obtained for both Pattern A and Pattern B (i.e. summation of SNIR in Table 1 and Table 2 ) was found to be around 10.42 dB (6.32 dB+4.10 dB) for FBG1 and 10.5 dB (6.30 dB+4.2 dB) for FBG2. As for the 50 • C temperature case, the total SNIR was found to be 9.39 dB (5.88 dB + 3.51 dB) for FBG1 and 10.07 dB (6.23 dB + 3.84 dB) for FBG2. Thus, we have successfully confirmed that the deployment of the HSG code has improved according to the theory described in Eq. (14) .
D. RELATION BETWEEN SNIR AND MEASUREMENT SPEED
Compared to the conventional single pulse-and single coding techniques, the deployment of HSG codes increases the number of the processed codes significantly. One may wonder the tradeoff between the SNIR brought to the sensing array and its measurement speed. However, the measurement speed is a quite wide definition, and it may include the required time for encoding and decoding, the demodulation speed, and the data processing time. In this context, the round-trip time (RTT) of optical pulse transmission in fiber and the numbers of measurements can be a valid measure to evaluate the system speed. In this work, the pulse repetition rate of 5 kHz, i.e. equivalent to 0.2 ms of RTT was sufficient to measure the 16 km of fiber.
In the case of Pattern A, for any combination of codes in HSG, the numbers of code patterns generated are 12. Ideally the total data acquisition time required for all 12 code patterns to measure the fiber 256 times will be 0.6144 s (0.2 ms × 12 patterns × 256 averaging). As described in Table 2 , the maximum SNIR of around 6.32 dB was obtained with respect to the code set of 3 bits of simplex codes nested over 64 bits of Golay codes (12 code patterns). Therefore, to achieve the same SNIR measurement under the same 256 times averaging, it takes the conventional single pulse TDM-FBG of at least another 256 times (4 code patterns ×64 bits) longer data acquisition time. Then, the total data acquisition time required for the single pulse TDM-FBG is around 157 s (=0.6144 s × 256). In our measurement, for every combination of hybrid codes Pattern A case, the total measurement time (total data acquisition time, experimental setup optimization time and data recording process) was around 5 minutes.
In contrast, for Pattern B, since the code length of simplex code was increased, the numbers of code patterns created in the HSG code also increased accordingly. Therefore, it can be noted that the total data acquisition time required for each code combination in Pattern B will also increase. For example, in the case of combination of 31 bits simplex and 64 bits Golay codes, the total data acquisition time is around 6.3 s (0.2 ms×4×31×256), while the total measurement time was around 30 minutes. However, as explained previously, the total measurement time actually includes the overhead such as optimization of experimental setup and data recording process.
V. CONCLUSION
To conclude this work, the experimental validation of simultaneous deployment of simplex-and Golay complementary codes in the time division multiplexing fiber Bragg Grating (TDM-FBG) sensor was successfully demonstrated. Two patterns of the hybrid codes to enhance the response of multiple FBGs at two temperature conditions, 25 • C and 50 • C were successfully validated. In Pattern A, 3 bits of simplex codes were incorporated with the conventional unipolar Golay sequences of 4, 8, 16, 32 and 64 bits. Pattern B was the continuation of Pattern A with fixed length of Golay codes of 64 bits, while the simplex code length was set to 3, 7, 15 and 31 bits. In an excellent agreement with the theory, the reflected FBG pulses decoded over all the deployment aspects have conserved their original spatial properties, with uniform falling and raising edges and well-shaped forms with small and negligible distortion, confirming the correct consecutive process of hybrid Hadamard/Golay encoding and decoding calculations.
Furthermore, the noise behavior of the decoded pulses during all the conditions of the experiment was extensively investigated. In Pattern A, the results confirmed introducing 3 bits of simplex code with the conventional Golay code has improved their noise background by 20 %. Then, by increasing the Golay code length from 4 to 64 bits, the noise amplitude has reduced four times. In a similar context, the influence of increasing simplex code lengths on a fixed 64 bits of Golay codes have confirmed the theoretical approach of the noise reduction factor of 2/(M+1). The noise background of the decoded signals continues to improve with the increasing of the simplex code length, reaching its optimum of 8 times lower than the initials of pattern B at the maximum simplex length of 31 bits.
More analysis on the performance of the hybrid coded sensor was conducted by evaluating the improvement in the signal to noise ratio for the two patterns during both the temperature conditions. In an excellent agreement with the theory, during 25 • C condition the maximum SNIR values of around 10.42 dB and 10.5 dB were computed for FBG1 and FBG2 respectively. As expected, a slight lower SNIR values were observed within the temperature application of 50 • C. The total SNIR of around 9.39 dB and 10.07 dB for FBG1 and FBG2 were quantified. However, the experiment continues confirming the improvement results consistently with the theoretical analysis, providing the proof of concept of the deployment feasibility and the improvement role of the proposed hybrid codes.
